Magnetoresistance in an all-manganite heterostructure 
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We study the magnetic and transport properties of all-manganite heterostructures consisting of 
ferromagnetic metallic electrodes separated by an antiferromagnetic barrier. We find that the mag- 
netic ordering in the barrier is influenced by the relative orientation of the electrodes magnetization 
producing a large difference in resistance between the parallel and antiparallel orientations of the 
ferromagnetic layers. The external application of a magnetic field in a parallel configuration also 
leads to large magnetoresistance. 

PACS numbers: 75.47.Gk, 75.10.-b, 75.30.Kz, 75.50.Ee 



Heterostructures of strongly correlated systems are 
currently in the spotlight due to the appearance of new 
electronic phases (electronic reconstruction) [H [2, H, 0, [1] 
at interfaces between materials with strong electron- 
electron and electron-lattice interactions. Manganese 
perovskites are specially interesting because of their po- 
tential application in spintronics Q : in the ferromagnetic 
phase they are half-metals 0, Q and, therefore, very ef- 
ficient spin injectors and detectors [l^, [lH. In bulk or 
thin films, manganites show an extremely large (colos- 
sal) magnetoresistance, and phase separation, fruit of the 
competition between very different phases ranging from 
metallic and ferromagnetic (FM) to insulating and anti- 
ferromagnetic (AF) [1^, The different phases arise 
as a function of doping and composition. For instance, 
bulk Lai_.:rSr^Mn03 (LSMO) is FM and metaUic at the 
so-called optimal doping (x ~ 1/3) with a Tc above room 
temperature, while systems with smaller A-site cations, 
like bulk Pri-^rCa^^MnOa (PCMO), are AF (CE-type or- 
dering and insulating (with charge/orbital order) at 
the same doping. 

Manganite surfaces are known to behave differently 
from the bulk, the typical example being the striking 
suppression of the spin polarization of a free surface 
at temperatures much lower than the bulk ferromag- 
netic Tc [3, Eil. This could have a very negative 
effect on the tunneling mag nctoresistance (TMR) fl7'| 
of magnetic tunnel junctions consisting of half-metallic 
manganites separated by a thin insulating layer because 
TMR depends very strongly on the properties of the 
electrode/barrier interface Indeed, early reports 

of TMR in manganite heterostructures showed a very 
strong decrease with increasing temperature [l9|. TMR 
is defined as the difference in resistance R between paral- 
lel (P) and antiparallel (AP) relative orientations of the 
magnetization in the ferromagnetic metallic electrodes 
[TMR= {Rap - Rp)/Rap]- Recently it has been found 
that interfaces of manganites with suitable materials are 
able to keep the spin polarizatim close_to that of the 
bulk up to higher temperatures TO', 20, 213 with the con- 
comitant enhancement of TMR. Traditionally, insulating 
barriers such as SrTiOa, LaAlOa, and NdGaOa are used. 



Here we focus on all-manganite heterostructures where 
the barriers are AF insulating manganites and study the 
effect of the FM layers on the ground state configura- 
tion at the barrier. These barriers are qualitatively dif- 
ferent from other insulating barriers in that their electric 
and magnetic properties are expected to be influenced by 
the FM electrodes. In particular, we study the trilayer 
Las/aSri/gMnOs/Pro^CawaMnOs/Laa/sSri/gMnOg il- 
lustrated in Fig. [U [Si, m. The LSMO layers are con- 
sidered to have in-plane FM polarization (x-direction) in 
a P or AP configuration. 

We find that the ground state configuration in the 
PCMO layer depends on the relative orientation of the 
magnetization in the LSMO layers and, as a consequence, 
the system shows a large TMR (see Fig. [5]) . In general 
terms, the P configuration induces FM ordering in the 
PCMO layer while the AP configuration tends to stabi- 
lize AF ordering in the barrier. The influence of the FM 
electrodes on the PCMO layer is due to a balance between 
the different coupling strengths in LSMO and PCMO and 
the charge transfer between the different layers. In prin- 
ciple, although the doping of divalent atoms x is constant 
throughout the system, the strong electron-lattice inter- 
action in the PCMO layer opens a gap in the density 
of states which produces a transfer of electrons towards 
the metallic FM areas. However, this charge transfer is 
limited by the long-ranged Coulomb interaction and, con- 
sequently, the PCMO layer can get more conductive and 
less AF than in the bulk [13] ■ We also show that, in the P 
configuration, the application of a parallel magnetic field 
(along the x-direction) affects the PCMO layer magnetic 
ordering giving rise to negative MR (see Fig. [3]). 

We address these issues by finding the minimal en- 
ergy spin, charge and orbital configuration in a very thin 
PCMO spacer [two (PCMO-2) to three (PCMO-3) lat- 
tice parameters, a, wide] between two wider and perfectly 
ferromagnetic LSMO layers. The tight-binding Hamilto- 
nian has the following terms 
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FIG. 1: Schematic view of the heterostructure under consid- 
eration. LSMO stands for Laa/aSri/gMnOs and PCMO for 
Pra/aCai/gMnOa. At this doping {x = 1/3), bulk LSMO is 
FM and metallic, and bulk PCMO is CE-type AF, with FM 
zig-zag chains in the xy-plane antiferromagnetically coupled 
to neighboring chains, orbital/charge-ordered and insulating. 
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where Cj ^ creates an electron on the Mn i-site, in the Cg 
orbital 7 (7 = 1,2 with 1 = \x'^-y'^) and 2 = [Sz^-r^)). 
(ni) = J2-y occupation number on the Mn 

i-site. The hopping ampHtude depends on the Mn core 
spins orientation given by the angles and ip via fi j = 
cos(6',/2)cos(6'j/2) -I- exp[i(-0j - Vj)] sin(6l,/2) sin(6ij-/2) 
(double-exchange mechanism), and on the orbitals in- 

voived e.'^i^ = ±v^til^^ = ±V5 4':l^ = 3t2!l^ = 

3/4 i| 2 = t where the superindices x,y, and z refer to 
the direction in the lattice. All the parameters are given 
in units of t which is estimated to be ^ 0.2 — 0.5 eV. Jaf 
is an effective antifcrromagnetic coupling between first 
neighbor Mn core spins which is different in the LSMO 
and PCMO layers (see below). U' is a repulsive interac- 
tion between electrons on a site lying on different orbitals, 
and -ffcoui is the long range Coulomb interaction between 
all the charges in the system, treated in the mean-field 
approximation 
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with Ri the position of the Mn ions, eZi the charge of 
the A-cation located at , and e the dielectric constant 
of the material. The strength of the Coulomb interaction 
is given by the dimensionless parameter a — /aet [H- 

The electron-lattice interaction has not been ex- 
plicitely included in the Hamiltonian However, the 
effect of this coupling on the ground state energies can 
be described using an effective Jaf [zBJ. In particular, 
the ground state of Hamiltonian |T]) for a bulk system 
with Jaf ^ 0.2t is the CE-type AF ordering associated 
to the lattice distortions that produce the charge and or- 
bital ordering illustrated in Fig. [TJ The values for Jaf 
that effectively include the electron-lattice coupling are 
therefore larger than the ones inferred from the magnetic 
ordering only {Jaf from superexchange between the t2g 
electrons is ~ 1 - 10 meV) fl2|. The FM layers (LSMO) 
are well described by small values of Jaf (for simplicity. 
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FIG. 2: Tunneling magnetoresistance versus JpcMO calcu- 
lated for PCMO layer thicknesses of two (a) and three (b) 
lattice parameters. For large values of JpcMO, the TMR is 
very small because the PCMO spacer is AF and insulating for 
both P and AP configurations. For Jpcmo < 0.24 1 (a) and 
(b) show different qualitative behaviors (see text for discus- 
sion). The maximum sensitivity to magnetization is reached 
in PCMO-3 for 0.22 f < Jpcmo < 0.24 1 where the system 
is metalHc in the P configuration while insulating in the AP 
configuration. 



we consider Jlsmo = 0), while for the barrier (PCMO) 
we use 0.15 1 < JpcMO < O.St. Reasonable values for the 
other two parameters are U' = 2t and a = 2 [5]. The 
results presented below are qualitatively insensitive to 
moderate changes of these two parameters. The Hamil- 
tonian is solved self-consistently in heterostructures con- 
sisting of a thin PCMO layer and two wide LSMO FM 
layers (wide enough to reproduce bulk behavior). 

In Fig. [3] we show the total energy versus t/pcMO for a 
pure FM, CE and an intermediate canted configuration 
of the PCMO-2 layer for P and AP configurations of the 
electrodes. All the other magnetic orderings considered 
were higher in energy in this range of parameters. For 
0.17 i < JpcMO < 0.3 i, the magnetic ground state con- 
figuration in the spacer is always canted with the canting 
angle depending on the value of JpcMO *md on the rela- 
tive orientation of the magnetization in the LSMO layers. 
In the P configuration [Fig. 21^ a)], PCMO tends to order 
more FM and coUinearly with the electrodes, while for 
the AP case [Fig. [Ifb)], the PCMO configuration corre- 
sponds to smaller magnetization and the spins lie per- 
pendicular to the electrodes magnetization. The results 
for PCMO-3 (not shown) are qualitatively similar. 

For PCMO-2 and Jpcmo relatively smaU (< 0.24 1), 
the magnetic order at the barrier is canted, and the 
charge/orbital order is mostly suppressed due to charge 
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FIG. 3: (Color online) Magnetoresistance in the parallel con- 
figuration upon application of a small magnetic field in the 
x-direction for three different values of JpcMO (a) PCMO-2 
and (b) PCMO-3. t = 0.25 eV is used for the estimation of 
the magnetic field H . The lines are fits to the dots. 



-0.57 



P-l 



-0.58 



-0.57 





a) 










fix 




- , , , 1 , , , 


1 , , , , - 



-0.58 




0.20 0.25 
^PCMO 



0.30 



FIG. 4: (Color online) Energy versus Jpcmo for a parallel (a) 
and antiparallel (b) configuration of the LSMO layers, with 
PCMO thickness of two lattice parameters, PCMO-2. The 
dashed lines are the energy for the pure FM and pure CE 
configurations in the intermediate PCMO layer. The actual 
ground state (solid line) corresponds to canted intermediate 
configurations (illustrated in the insets) . The big arrows rep- 
resent the magnetization orientation in the FM layers and 
the small ones represent the order considered in the PCMO-2 
layer. In the CE and canted phases each arrow in the PCMO 
layer represents a FM zig-zag chain (see Fig. 



transfer between the layers. FM correlations and, due to 
double exchange, conductance are larger in the P con- 
figuration than in the AP configuration. Therefore, this 
geometry could be used as a magnetic sensor. The con- 
ductance has been calculated numerically via Kubo for- 
mula [H, [13] for a trilayer with semi-infinite FM LSMO 
leads. The results for a PCMO-2 spacer are plotted in 
Fig. m (a) where a finite TMR for Jpcmo ^ 0.24 i is 
shown. The superstructure in the curve is due to numer- 
ical inaccuracies except for the peak at JpcMO 0.17 1, 
which is quite robust (the TMR increases monotonically 
in the range 0.1 1 < JpcMO ^ 0.17<). This peak appears 
because, below ~ 0.17 i, the P ground state configuration 
is almost FM [Fig. 2] (a)] while the AP configuration is 
already canted [Fig. d] (b)] and, as a consequence. Bap 
increases faster with JpcMO than Rp. 

For PCMO-3 there is a range of parameters, 0.22 1 < 
JpcMO < 0.24 i, for which the TMR is close to its maxi- 
mum possible value of 100%. In this range, the P config- 
uration is metallic as it has a relatively large FM compo- 
nent in the three Mn planes that constitute the barrier, 
while the AP configuration is insulating and corresponds 
to perfect CE in the middle atomic plane and canted 
FM in the outer planes. For smaller values of JpcMO 
(< 0.2 1), for both the P and AP configurations, the mid- 
dle plane is a perfect CE while the outer planes are es- 
sentially FM and parallel to the nearest electrode; this 
leads to Rp — Rap and, hence, TMR=: 0. The nega- 
tive TMR at JpcMO ^ 0.22 1 is produced by the different 
dependence of the canting angle on JpcMO for P and 
AP configurations. The different behavior of the TMR 
in PCMO-2 and PCMO-3 is due to the Hmited charge 
transfer in the middle Mn plane of the wider barrier. 

For large JpcMO (> 0.24t), see Figs. H (a) and (b), 
or wider PCMO spacers (PCMO-n with n > 4), the AF 
ordering in the barrier is preserved and the system does 
not show TMR at all: both Rp and Rap are strictly 0. 

We have also calculated the MR in the P configuration 
that results of applying an external magnetic field paral- 
lel to the magnetization in the electrodes. The results are 
shown for PCMO-2 and PCMO-3 in Fig. H We define 
MR= {R{H)-R{0))/R{0) x 100% so its maximum possi- 
ble absolute value is MR= 100%. The dots represent the 
numerical values and the steps are an artifice of the calcu- 
lation that considers a discrete set of values of the canting 
angle. The lines are a fit to the data. When a magnetic 
field H is applied, the system is effectively moving to- 
wards smaller values of JpcMO (see Fig. S]) and therefore 
towards less resistive configurations, hence the negative 
MR. This MR is produced by the alignment of the bar- 
rier spins with the applied field and is smaller than the 
CMR measured in bulk PCMO ^ which is probably re- 
lated to inhomogeneities and phase separation. The real 
advantage of this heterostructure as a magnetic sensor 
is that its resistivity can be orders of magnitude smaller 
than the bulk PCMO's (mainly because there is no gap 
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at the Fermi energy for the thin spacers in the P config- 
uration). As a guidehne, the resistivity of bulk LSMO 
at low T is ~ 10~''J7.cm [2^, much smaller than that of 
bulk PCMO > 10^ n.cm (~ 10'^ O.cm at 7 T) [s^. 

It is well known that strain (produced by lattice mis- 
match between the substrate and the thin films) can af- 
fect the orbital ordering 3l| . In the studied heterostruc- 
ture with an STO substrate Q the in-plane lattice pa- 
rameter is 3.90A for all layers while the out-of-plane lat- 
tice parameters are 3.85A (LSMO) and 3.76A (PCMO), 
slightly smaller (less than a 2% in any case) than the 
bulk values. Our calculations are done in a cubic lat- 
tice but the variations in unit cell dimensions in actual 
heterostructures [11] are not expected toproduce a dra- 
matical change in the orbital ordering [SlJ. In any case 
it would emphasize the tendency to CE ordering in the 
PCMO barrier that can be included in our model sim- 
ply by increasing the value of JpcMO- Strain can also 
produce phase separation [s^l and colossal magnetore- 
sistance [33| . The inclusion of phase separation in our 
model would lead to an increase of both TMR (Fig. [2|) 
and MR (Fig. [3]) with respect to the calculated values. 

In conclusion, we have studied the electric and 
magnetic properties of an all-manganite heterostruc- 
ture with homogeneous doping of divalent cations. 
The system consists of two FM and metallic elec- 
trodes (La2/3Sri/3Mn03) and a thin AF barrier 
(Pr2/3Cai/3Mn03). We show that the ground state con- 
figuration in the PCMO layer depends on the relative 
orientation of the FM electrodes (parallel or antiparallel) 
rendering these heterostructures useful as magnetic sen- 
sors. Underlying this result is the fact that charge trans- 
fer between the layers with different coupling strengths 
alters the electric and magnetic properties of the thin 
PCMO layer (which is AF and insulating in bulk) in- 
creasing its magnetization and conductivity. Therefore, 
the resulting heterostructures have low resistivity in a 
wide range of parameters, mainly in the parallel configu- 
ration, at which an external field applied can produce a 
large negative MR. 
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